In order to keep up with the fast-paced and widespread technologies and applications of visualization, worldwide education community is actively implementing visualization courses in curricula of undergraduate and graduate programs. A study of the state of the art in the teaching visualization in Russian higher education shows the necessity to improve the quality and breadth of knowledge of the visualization courses. In this paper we propose our approach to overcome the national and historical challenges in teaching visualization in Russian STEM higher education on the example of Computational Science and High Performance Computing double degree Master's programs in ITMO University. We offer a smooth transition to the modern relevant syllabus content by presenting two courses' designs with same width but with various depth in knowledge that should to be studied. At the end of the paper we give some discussions about future works in development visualization courses in Russia.
Introduction
At the moment, there is no disputes about the importance of visualization in almost all areas of modern life -from entertainment to engineering and science. A daily-growing computing power, allround computerization, development of Internet of Things and a host of other things lead to an incredible growth of the amounts of collected and processed data that is difficult (or impossible) to understand without a proper visual interpretation [1] , [2] . Moreover, visualization and interaction techniques [3] allows us to bridge the gap between scientific society and applied specialists [4] as well as between educators and students [5] . Result of the research in the visualization domain over the last few decades is that the issues of the need to use visualization in education [6] , [7] and training visualization skills [8] are non-existent.
Education in Computational Science (CPS) and High Performance Computing (HPC) has a direct bearing on this issues. This is one of the domains that critically needs a good visualization course in program curriculum due to simulations, mathematical models and huge amount of diverse data. The presence of visualization courses in CPS programs differs in each university [9] . They are presented at all levels of education, from undergraduate [10] to graduate school [11] . Inner temporal distribution of courses in master's program also varies from the first to third semester [12] . In some cases, initially such courses are held in two semesters [13] , but with the program evolving, the course was reduced to one semester [14] . Approach to setting the priority of visualization course in a curriculum also differs due to the applied specifics. The course may be included both as a core course (sometimes even several core courses [15] ) and as an elective course [16] , or even may be included as a block or a series of lectures into other courses (e.g. Visual Analytics or Data Analysis).
All examples considered above, as well as many other visualization courses in CPS programs have many common topics and themes, and follow certain guidelines in courses' design as a consequence of a rather broad community and numerous researches in this domain. Already in the late 90s Gitta Domik in cooperation with ACM SIGGRAPH Education Committee closed the question about the need for formal education in visualization [17] and formalized the guidelines for design of the courses in visualization for the community of educators [18] . After a while, along with evolution of visualization courses, Rushmeier et al. singled out that visualization education is not just a subject within computer science and is increasingly relevant to a broadening range of disciplines [19] . So the key question shifted from "Do we need formal education in visualization?" to "How can we support and provide flexible education in visualization?" As training in visualization is a fully interdisciplinary task, the authors also specify the necessity to involve colleagues from other domains to expand the base of resource and educational material by a variety of applications.
On the other hand, visualization domain is not only multidisciplinary in its content, but also appealing to and in demand to a wide range of professionals (business and industry), even to those considerably distant from STEM (Science, Technology, Engineering and Math) domain such as designers and journalists [20] . This tendency was detected by Owen et al. [21] , but in terms of growing interest to the courses on visualization among nontechnical students in recent years. Moreover, having reviewed the latest alterations in such courses and identified three distinct areas in visualization (scientific or data visualization, information visualization and visual analytics), his team derived that all three areas share learning objectives and themes that constantly should be covered by educators to keep courses up-todate.
In Russian higher education and in the ITMO University in particular, educational programs for CPS are considerably younger than at the foreign universities and developing by leaps and bounds over the past few years [22] . Creators of these joint programs set very audacious goals to make master program internationally recognizable and to ensure that graduates stand out from the crowd in the job market worldwide [23] . Therefore, the content of the "Scientific Visualization and Virtual Reality" course should fully meet these goals. For that end, we must overcome a number of challenges due to historical and national peculiarities of Russian higher education evolution that are described in details in next section.
Teaching Visualization in Russian Higher Education

Brief History and Current State of Visualization Courses in Russian
Higher Education
Education in Russia has certain local features in the development of teaching visualization. Nowadays STEM higher education and Computational Science in Russia are substantially rooted in the Soviet engineering school. The role of visualization in engineering education before Perestroika was performed by the courses in Descriptive Geometry (DG) (also known as engineering drawing) and a set of National State Standards (GOSTs), which determine the basic rules and principles of how to draw blueprints, charts, tables of data and so on. This knowledge base was used by each of engineers and scientists to design their results in USSR.
In the 90s, the fall of Soviet Union and accompanying emergence of economic and social problems of the transition period, formed a gap in the development of scientific academic domain [24] and as a consequence in higher education [25] . During this period the world community experienced a stage of an active formation of visualization education [17] . In the middle of 90s of the past century with the situation in Russia and CIS stabilized and growing governmental support of higher education, resistance to occurring changes in education was present at many levels. The younger generation preferred to work in business rather than pursue career in science and education, due to its low reputation at a time. Older generation of academic staff being loyal to teaching as a calling or just reluctant to changes, were accustomed to work with old hard standardized (as in the Soviet era) program [26] .
In the late 90s -early 2000s, the subsequent transition to the Bologna system and the creation of new educational standards began to bear fruit. But according to numerous above-mentioned reasons, implementation of these educational initiatives gained a corresponding after-taste. With gradual penetration of computer technologies in STEM education, DG evolved into studying CAD systems almost exclusively in engineering and technological education, but disappeared from IT and science education as not required by educational standards.
Courses on teaching visualization began to emerge in Computer Science (CS) education [27] , [28] . Some of them evolved in separate graduate programs designed with the main goal to train highly qualified software engineers/developers/researchers with a focus on Computer Graphics (CG) and related fields. This approach is still relevant in teaching even today and, as a matter of fact, these programs do it great (Hydra renderer (http://goo.gl/p8OaNL) is commercially viable at the global market of solutions for rendering, and it was developed by the graduates of Keldysh Institute of Applied Mathematics [29] ). However, this thorough engineering approach is poorly applicable in the case of Computational Science, mainly due to its redundant depth in CG technologies and, as a consequence, a very weak coverage of all other topics of Visualization as a vast multidisciplinary domain.
Likewise, the following fact should not go unnoticed. On the edge of centuries the meaning of the term "Visualization" in the Russian language was somewhat distorted and became synonymous to the "Rendering" term, as a result of the advent and widespread (thanks to the uncontrolled piracy [30] ) of consumer's CG (software to create CG and animation) in the post-Soviet space. Courses in Computer Graphics and Visualization in many universities were refocused to study 3D-editors or highly specialized visualization tools. Unfortunately, without sensible explanation of basic principles and concepts why these steps should be performed at all (even if there are "fundamentals" or "introduction" appear in the name of course). Sad but true, this approach still finds its application [31] .
This brings us to another significant challenge reflected in rigid separation between educational components of Technologies and Liberal Arts in visualization. If we look closely at the history [32] , visualization inherently brings together exact sciences and humanities. That's why exclusion of humanitarian components of visualization such as psychology and physiology of visual perception, color encoding and patterns, design and layout, or even free-hand drawing (which can be very useful in science education [33] ) from the courses for technical students leads to lopsided study of the subject.
As a result, it turns out that the most of Russian students are constrained to earn a degree in STEM without basic understanding of visualization principles. Every year that gap brings more and more critical consequences for graduate students -from problems with adequate demonstration of their skills and research results to low competitiveness at the labor market. Having overcome these difficulties, educational institutions could put more emphasis on proper "sale" of students in the labor market and significantly reduce the gap between science and industry observed in the Russian Federation and CIS.
Keeping up the pace with foreign leaders in higher education, some of top 20 Russian universities [34] already began to implement courses on visualization into the wide range of educational programs. These emerging courses reflect current trends, full of content and based on modern relevant literature.
Nevertheless, the described phenomenon is of more local character (in terms of application domain) than a common practice, for instance, Master's program "Big Data Systems" in High School of Economics [35] .
Current State of Visualization Education in ITMO University
ITMO University is currently in a transition period from obsolete remnants of purely engineering education to fighting for a competitive role at international market of IT education. In the framework of curricula design, visualization domain is in spotlight due to a great variety of elective courses [36] .
Mainly these courses are an integral part of programs in computer graphics and multimedia. These courses are specialized, touch the depths of the matter and with a strong focus on technologies [37] , [38] . Even a double-degree program with Lappeenranta University of Technology on Computational Science [39] is devoted to computer graphics, computer vision systems and complex systems of image understanding, thus it is no wonder that there are general courses on visualization. However, this approach and its pros and cons were discussed in Section 2.1. As mentioned in introduction, there are 3 double-degree master's programs in Computational Science with University of Amsterdam at HPC department [40] . It is worth mentioning that our programs have no clear connection with CG. Scientific Visualization and Virtual Reality is an elective course and assigned for the 3rd semester.
Initially, this course was designed with a reference to the approaches common for Russian education system focusing on technological component. Our course significantly prevails in thorough study of real-time CG programming above all other aspects of visualization. However, the course being delivered, we had observed both Russian and international educational trends in visualization. Gradually we have introduced different kinds of satellite events to evoke interest to visualization.
Satellite Educational Activities and Interim Results
Due to the nature of HPC applications, majority of our master students are not only studying but also working part-time at eScience Research Institute in research groups in real research projects [22] . Distribution of students to research groups takes place at the beginning of the first semester; a priority in the group choice is given to the students. Rather diverse and multi-disciplinary background of incoming students is also taken in consideration.
Already in 2013 intake, an increasing interest in the visualization research group was observed, but at that moment, instructors did not pay enough attention to that fact. Due to this interest at the end of the second semester, it was decided to organize an optional group project using a visualization tool developed in eScience Research Institute [41] . The main goal of this project was to develop and evaluate their creativity and soft skills. Overall results of this project revealed that students were able to present their group works using only a restrictive set of tools in clear, aesthetic and qualitative manner. Students' presentations were assessed not only by expert, but also by peer evaluation. A great positive feedback from participants stimulated our enthusiasm as educators. Participants commented that they are interested in working with high-quality software with a good visual representability, but equally, it would be interesting to learn all aspects of how to create similar software.
We would also like to point out results of the students from 2013 intake. Students that conducted research under the supervision of visualization team leader excelled at the master`s thesis presentation and Thesis Board individually and positively highlighted accessibility, clarity and visibility of their presentations.
Intake of 2014 confirmed the trend of the previous year, with almost half of the intake subscribed into the visualization group. According to an informal inquiry, many students turned out to be not only interested in working on a variety of interesting projects, but also were interested in improving visualization skills. This applied not only to those who wanted to join a visualization team, but also to the students from other groups (research areas).
Due to the increased demand and attention to visualization domain, our team at our own initiative, launched an optional course (outside the program curriculum) on introduction to visualization techniques. Course covered the basics of visualization, computer graphics and the principles of visualization applications development using Fusion framework developed in eScience Research Institute [42] . These activities resulted in unpretentious video games (as one of the telling examples of visualization applications in the absence of clear objectives and datasets) created by solely the students on proposed framework. All students succeeded in one way or another and some even showed remarkable creativity. In addition, as teachers we were able to estimate roughly what each of the students is capable of.
During these activities, some students ceased to attend our optional course for a number of reasons. Modern master students in Russia have a rather vague understanding of visualization, due to the lack of the courses in visualization at the bachelor level and some other factors described in Section 2.1. As a result, after a couple of lessons, some students realized that this was not what they had imagined and decided not to waste their time. The second reason was evidently an optional character of the course. Thus, referring to a serious academic load, other part of the students was forced to abandon the course in favor of the courses in their major. Just 12 most devoted students managed to complete the course, which is more than a third of initial intake (a total amount -32 [22] ). We considered it a major success for this kind of activities.
Curiously, many of the students who finished this course continued to use Fusion framework in their current research activities. In addition, we have received from students' positive feedback in overall proposals and recommendations about how they would like to improve this course, what it lacks and what information is redundant for an introductory course.
With the development and extension of double degree programs, more opportunities for improvement of individual courses have appeared. So, for students of 2014 in the spring semester a set of classes on Introduction to Data Visualization through Big Data course was held to improve their skills and general level of knowledge. These lectures also deserved a positive feedback from students, and those who took our optional course on visualization in the first fall semester noted that it would be useful to combine these two activities.
Assessing the results of all activities undertaken and of feedback we had received in general, we confirmed the validity of trends identified by Owen et al. [21] for growing popularity of visualization courses for Russian students. It has become a serious impetus for further development of our courses.
At the same time, skills and background Russian students, which should form the basis for the course design, could be viewed at different angles: a) students with good computer science background with little or none basics of visualization; b) students with applied domain background have close to minimum experience in software development.
It is therefore necessary to reduce the entry barrier of CS background and develop not only narrow technical skills. Introduction of interdisciplinary components (basics of visualization as an art) in the educational process for STEM students should better develop students` skills in presenting their research results in a clear and "marketable" form not only during education but also in their future career.
On the basis of all of the above, we conclude that the structure of visualization courses and its place in the curriculum should be revisited both to improve the final quality of graduates and to meet the growing demand for visualization courses. Our team formulated main challenges in improving this visualization course are a) to provide an opportunity to maximize learning outcome for the second-year students and b) to expand the course in depth for students of 2015 enrollment. In the next Section, we describe our approach of a smooth transition from outdated education concepts to the courses that meet modern trends in both teaching visualization and Computational Science and High Performance Computing with a minimal loss in quality of the material being taught.
Proposed Approach of a Smooth Transition of Visualization
Course to Modern Conditions
Common Issues
To overcome the challenges pointed in a previous section we have designed two courses with unified and wide coverage of domain, but with different depth of knowledge. According to program curriculum, 68 academic hours (34 classes) are reserved for an elective course, thus for our course design we have chosen a time schedule of 17 weeks with 2 classes per week. Table 1 shows the time distribution of the topics covered by classes (numbers in the table cells show the indices of the weeks in the schedule) in the courses for the second year students and for students from new intake in the first and in the last two columns, respectively.
We have reviewed a wide variety of courses in foreign universities, researches in teaching visualization, current trends in visualization and course design. So the syllabi of our courses were influenced partly by courses at Harvard University [43] , Georgia Institute of Technology [44] , The University of Paderborn guidelines for visualization curriculum [18] , Owen et al. research [21] and by standard textbooks such as Visualization Analysis and Design [45] , Interactive Data Visualization: Foundations, Techniques and Applications (2nd Edition) [46] and The Functional Art: An introduction to information graphics and visualization [20] .
In our practice, we recommend extra books or chapters to students for further reading and enrichment. For example, Interactive Data Visualization for the Web [47] , Data Visualization: Principles and Practice [48] , Design for Information [49] , Visual Thinking for Design [50] . After each lecture, students are also invited to explore a series of research papers related to discussed subjects.
Syllabi
The vast majority of themes and topics indicated in our syllabi (such as introduction to visualization, perception, task analysis, data processing, interaction techniques and so on) are mostly common for the majority of visualization courses abroad. Hence, we would like to mention only standout features of our course design.
Practical Sections mentioned in Table 1 are supplementary 45 -90 minutes practical classes. They are intended to teach students necessary technical skills and consist of short presentations, live coding and Q&A time about homework. Design Studios are similar to Practical Sections in structure, but mainly intended to give students skills in designing visualizations with data analysis and free-hand sketching [51] individually or in teams. This approach is a little bit unusual for Russian STEM education, where predominance of "laboratory classes" rules (receive a task in the beginning of the class, accomplish it and get teacher's assessment).
In the middle of the course, we made a small emphasis on liberal arts component of visualization with Gettin' Deeper in Visualization classes. Our plans are in discussion of a social value of visualization and involvement of art in current visualization domain at these classes. These are particularly interesting topics on account of advancement of STEM to STEAM (http://goo.gl/Fs3AX9) actively promoted by the Rhode Island School of Design (http://goo.gl/MwlcXf) and ACM SIGGRAPH Education Community (http://goo.gl/HTvZwS).
We would also like to note the reasons why a lot of time is devoted to Fusion framework and Workshops on Fusion (personal projects) in our syllabi. Fusion framework is a multipurpose development environment built on a user-friendly C# programming language. It is actively used in ongoing research projects of eScience Research Institute for visualization purposes [52] . Consequently, the framework itself and its development is one of the areas of interest of our team. As previously mentioned, students at HPC Department almost immediately are involved in real research work. Using Fusion framework as Improving Visualization Courses in Russian Higher Education...
A. Karsakov et al. an educational component, we solve three problems simultaneously. Firstly, through education process students are involved in research projects faster. Secondly, we simplify students' acquisition of basic CG programming skills. Thirdly, in addition to D3.js as a solution for interactive web visualization, students receive a flexible tool to implement their own ideas as a standalone application. 
Difference between 1-and 2-semester syllabi
The course for the second year students, that have received just some pieces of basic knowledge in visualization during the first year, covers all the topics by concentration of the education material and reduction of its depth and practical training. The practical part includes mastering the basics of D3.js at the first half of the semester, and more in-depth study of CG and creation of visualization applications using Fusion framework, C # and DirectX in the semester's second half.
The course for the new students' intake is divided into 2 semesters. The first semester (Fall 2015), as in 2014, is completely optional and goes very briefly in technical issues, but puts more emphasis on the basics of visualization and design concepts. All the technical details are covered by the lectures and practice in D3.js, as a simple widespread tool for visualization on the web. To avoid conflicts in students' schedule, this course is reduced to 12 weeks (instead of 17 standard weeks) and contains only two Design Studios and two Practical Sections. The second semester's course intersects with the first one on many topics, but more targeted at enhancing technical and applied skills in visualization. Since the topics' are overlapping in the courses for 1st and 3rd semesters, it is possible to give more freedom of choice for students. For example, there is no need to finish the first course to get the next one in 3rd semester. And vice versa, if a student passes the course of the first semester, but he or she might not choose this course as an elective in the third semester. In any case, students will already have basic knowledge and skills in visualization (albeit with lesser depth in technical terms). For those who prefer to pass both courses, overlapping topics will be reviewed further and in more details, since the courses' content is complementary rather than repetitive.
Conclusions and Future Work
In this article, we propose an approach to bridge the gap between a current state of visualization courses in Russian higher education and modern worldwide conditions and ongoing trends in teaching visualization. We offer two courses to cover the transition from old to new approaches in one year. Syllabi were influenced by existing courses at the leading universities, recommendations for curriculum design in visualization of ACM SIGGRAPH Education Committee and recent textbooks. In addition, courses were designed with an eye on the particularities of teaching process and research domains of HPC Department and eScience Research Institute. We hope that the proposed approach will bring our course in line with contemporary educational standards with a greater efficiency for our students, even those who are already studying at master programs.
The infancy of the department and visualization courses complicate quantitative assessment of the quality of educational activities. Validation of expected outcomes is to be obtained by testing our suppositions in 2015 and 2016. Having studied the effectiveness and popularity of both courses, we plan to discuss with our stakeholders to what extent it is relevant to extend this course to 2 semesters, instead of generally applicable 'one semester' approach.
